Considerable R&D efforts in last decade have identified several promising lead-free tin alloys for the replacement of lead-containing solders in microelectronic applications. However, it is difficult or uneconomical to produce high-quality solder balls industrially by means of conventional atomization methods. A new powder-making technology, Hybrid Atomization, was recently developed in order to inexpensively produce very fine uniform spherical powders with mean particle sizes of about or less than 10 mm. This new method effectively combines freefall gas atomization with centrifugal atomization. For example, Sn-9 mass%Zn powders obtained by hybrid atomization show very fine particle size, spherical shapes, narrow particle size distributions, few satellites, and low oxidation. In this paper, the optimized production of lead-free tin solder powder by hybrid atomization was investigated, and the influences of the powder's main processing parameters were discussed.
Introduction
Over the past decades, tin-lead solders have been preferred and widely used for interconnecting and packaging electronic components. However, strong environmental and health concerns regarding the toxicity of lead have encouraged the development of lead-free solders. 1) Lately, one more motivation has been added: to satisfy consumers desiring ''green'' electronic products. 2) Since the early 1990s, considerable effort has been focused on modifying the composition and optimizing candidates for lead-free solders. 1) A short list of promising candidates has been presented. 3) For the industrial application of these candidates, an economical production route for the fine and uniform solder balls is required. Leadfree solder balls for electronic applications require very strict specifications; they must be spherical in shape and satellitefree, and have very low oxygen content and narrow particle size distribution. 4) Unfortunately, no conventional atomization method can produce such powders industrially. Thus, it is desired that a new method be developed that can produce this type of lead-free solder ball industrially.
Hybrid Atomization, a novel technology that effectively combines free fall gas atomization with centrifugal atomization, seems to be capable of producing the lead-free solder balls mentioned above. [5] [6] [7] This technique has the potential to industrially produce very fine, uniform, clean, and spherical powders. In this study, the feasibility of using hybrid atomization for the acceptable lead-free solder ball is investigated.
8)

Hybrid Atomization Concept
Some powder processes combining gas atomization and centrifugal atomization have been reported. Oguchi et al. 9) produced amorphous flake powders by spraying highpressure gas-atomized melts on a rotating cone-type copper disk for rapid solidification. Chen et al. 10) established multistage atomization in which melted droplets broken by gas jet were further broken by pelting a rotating disk with them. In our hybrid atomization method, gas atomization is used for spraying melts uniformly on a rotating disk, and forming a thin melt film on it. Then the fine and spherical powder with a narrow size distribution is produced by centrifugal atomization.
Experiments
A schematic diagram of hybrid atomization is shown in Fig. 1 . Sn-9 mass%Zn alloy was heated and melted in a crucible. The melt was then dispersed into coarse liquid droplets by means of free-fall gas atomization. These droplets were accelerated with the gas jet and hit the rotating disk, and re-formed into a thin liquid film on it. This film was further broken down by centrifugal force into fine droplets, which solidified into fine powders. A vacuum cleaner collected the powders at the bottom of atomization chamber. The variation ranges of the main processing parameters are as follows: melt temperature, 573-823 K; gas pressure, 0.6 MPa; spray distance, 50-150 mm; disk diameter, 50-100 mm; disk rotation speed, 524-3141 rad/s. The rotating disk was ceramic (SIALON made by Shinagawa Fainceramics. Co).
The obtained powder size and size distribution were 
The Japan Institute of Metals measured using a Sieving and Coulter Counter. The morphology and microstructure of powders were observed via a SEM (JSL5400) and an optical microscope. Figure 2 shows the reults of SEM observation for Sn-9 mass%Zn alloy powders by hybrid atomization under differing conditions. Hybrid atomized powders are usually spherical in shape with few satellites. Their mass median diameters (d m ) were 10-15 mm. The range of their geometric standard deviation ( g ) was 1.3-1.7. Most of powder diameters were smaller than 20 mm. As shown in the sieving results, 82%-90% of the powder particles were under 26 mm and the rest was under 45 mm. The oxygen content of asatomized powders was very low by inert gas atomization (<0:05%). The production rate reached 1-6 kg/min during the experiment, which is small on a laboratory scale. The production cost of hybrid atomization is normally near that of involved in inert gas atomization. Compared with the conventional atomization methods (such as gas atomization, centrifugal atomization, and water atomization), hybrid atomization can economically produce finer and more spherical powders with narrow particle size distributions.
Production of Sn-9 mass%Zn Alloy Powders
Results of Process Experiments
The influences of main processing variables on hybrid atomization 5.1.1 Metal temperature
As shown in Fig. 3 , metal temperature has remarkable effects on the particle size and the powder shape. The higher the superheating, the finer the powders and the more spherical the shape of powders become. On the other hand, metal temperature also influences the particle size distribution to some degree. Also as shown in Fig. 2 , when the melt is superheated and the disk rotation speed is very low, hybrid atomization produces the coarse powders with irregular shapes and two peaks in their particle size distribution. When the metal temperature reaches a moderate superheat (200 K), powders become finer, more spherical, and have fewer satellites. Moreover, the minor peak in the particle size distribution curve shifts to the finer particle range. However, it seems that the effects of superheating on the particle mean size and size distribution diminish after the superheat exceeds a value of 200 K.
Disk rotation speed
The influences of disk rotation on hybrid atomization are quite remarkable. The higher the disk speed, the smaller the powder size and the narrower the particle size distribution. As shown in Fig. 4 , when the disk speed increases from 523 rad/s to 1047 rad/s, the mean particle diameter decreases and the particle size distribution changes from one peak to two peaks.
Spray distance
As shown in Fig. 5 , when the spray distance increases from 50 mm to 100 mm, the powder mass median diameter decreases, with the minor peak shifting to the finer particle size range. From our previous reports, 5) when the spray distance is very low or too large, the powders obtained become coarse and the particle size distributions broaden. So there exists an optimum value or range for the spray distance corresponding the minimum mean particle size. Hybrid Atomization Process Applied to Fine Lead-Free Solder Powder Production
Process optimization
The optimal processing conditions for hybrid atomization of Sn-9 mass%Zn alloy are as follows: metal temperature is 673 K, disk rotation speed is 2094 rad/s, disk diameter is 100 mm, spray height is 100 mm, delivery tube diameter is 2.0 mm, gas pressure is 0.6 MPa (Nitrogen), and atomization angle is 40 . Also, the corresponding atomization results were as follows: powder mass median diameter was 11 mm, standard deviation was 1.3, shape was spherical, and the powder yield under 26 mm was 90%.
Discussion
The key concept behind hybrid atomization is the formation of a thin and stable liquid film on the rotating disk before the final centrifugal breakup of the melts. Gas spray in hybrid atomization does not play a role in powder making directly but in thinner liquid film re-formation. Powder characteristics are thus controlled by both gas atomization and centrifugal atomization. As shown in Fig. 6 , the mean particle diameters (d m ) of hybrid atomized powders are closely associated with not only the centrifugal atomization parameters (such as disk rotational speed, disk angular velocity: !, disk radius: R, melt surface tension: and viscosity: on disk, etc.) but also with the gas atomization parameters (such as degree of superheating and spray distance).
11) When the superheating, spray distance, and disk rotation speed increase properly, powders become finer. Together with the melt superheating and disk rotation, spray distance plays a key role in combining the gas atomization and the centrifugal atomization effectively. As an example shown in Fig. 6 , in Case A with a short spray 
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Nozzle Size:2.0mmφ Fig. 6 The influence of delivery tube diameter on the particle size distribution. distance and a moderate superheat, the hybrid atomization was assumed to be similar to centrifugal atomization since the liquid film thickness was large, and the powders obtained were coarse. In Case B with a proper spray distance and a low superheat, the powder sizes were in the middle range because of the possibility of premature solidification and the formation of semisolid, unstable film on the disk. In Case C with a proper spray distance and a moderate superheat, very fine powders could be obtained especially under high disk speed. By the way, if the spray distance is very large, the results of hybrid atomization will be similar to those of gas atomization. In contrast, if the spray distance is too short, the results will be similar to those of centrifugal atomization. Therefore, the optimum atomization results depend on the proper selection and most advantageous combination of these main processing parameters. According to the guiding concept of hybrid atomization, 6, 7) particle size and size distribution will be controlled primarily by the liquid film's characteristics (thickness, flow state, etc.) on the disk and by the centrifugal atomizer's breakup ability, both of which can determine the main atomization mode and the liquid film instability before the final breakup. Very fine and uniform powders can be obtained in the case of very thin stable liquid film formation and strong atomizer breakup abilities. If the atomization mode is Direct Drop Formation (DDF), the particle size distribution will normally express bimodal distribution (two peaks). But in the case of Ligament Formation (LF) mode, there will be a very tight particle size distribution (mono-modal) with one peak. 8) Based on the disintegration mode diagram of hybrid atomization, 12) the DDF mode is the main disintegration mode in typical hybrid atomization, and laminar flow is the basic type of liquid film flow on the disk, while the powders usually show bimodal distributions with a main peak and a minor peak, which agreed closely with the above experimental results.
By our experiments it was found that hybrid atomization can easily produce spherical powders. Theoretically speaking, the powder shapes can be controlled mainly by both the shape of the liquid droplets immediately after final centrifugal breakup and the following cooling & solidification. 8) Since the liquid film on the disk is thinner than that in corresponding centrifugal atomization, 12) the duration of the disintegration from liquid film to droplets will be shorter, which leads to a small and spherical droplets.
Conclusions
(1) Hybrid atomization is a promising candidate technology for the industrial production of lead-free solder powders. (2) Fine spherical powders of Sn-9 mass%Zn alloy with mean particle sizes of about 10 mm, narrow particle size distributions, few satellites, and low oxidation were produced by means of hybrid atomization. (3) In hybrid atomization, several main processing variables such as superheating, spray distance, and disk rotation speed influence the atomization results, and the optimal conditions of this method are different from those of conventional gas atomization or centrifugal atomization.
